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FOREWORD

The report was prepared by the General Electric Research Laboratory,
General Electric Company, Schenectady, New York under Contract No. AF 33(616)-
8206. This contract was initiated under Project No. '7351, "Metallic Materials,"
Task No. 735103, "Uhique Metallic Materials and Techniques. " The work was
administered under the direction of the Directorate of Materials and Processes
(Materials Central), Deputy for Technology, Aeronautical Systems Division, with
Mr. K. L. Kojola acting as project engineer.

This report covers work conducted from 1 April 1961 to 1 April 1962.
Part I of the report describes an investigation made by J. E. Hilliard on the effect
of pressure on the austenite-pearlite reaction.

Additional work was performed by W. F, Claussen on the effect of pressure
on transformations in iron and iron alloys. This work is presented separately as
Part II of the report.

The author is indebted to the following members of the General Electric
Research Laboratory for their assistance in this investigation: G. Dinsmore
(machining of high-pressure cell assemblies); W.F. Moore (preparation of alloys);
E. W. Balis (chemical analysis); T. V. Brassard (macTograph, Fig. 11); E. F. Koch
(electron microscopy); T. Wilson (cell assembly); and E. Nagy (atmospheric-
pressure heat treatments).



ABSTRACT

The growth rate and interlamellar spacing of pearlite have been determined
as a function of. transformation temperature at one atmosphere and 30 kilobars
pressure in eutectoid iron-carbon alloys containing approximately one per: cent
manganese. The atmospheric -pressure growth rates, measured at four temper-
atures in the range 5600 to 6800C, were in fair agreement with data obtained on a
similar alloy by other investigators. Indications were found of a change in slope
of the reciprocal spacing vs temperature curve at one atmosphere corresponding
to the onset of partitioning of manganese between ferrite and cementite at 6400C.

High-pressure runs were made at seven temperatures in the range 4000
to 6200C. In comparison with the properties of the transformation at one
atmosphere, the specimens transformed at 30 kb exhibited the following changes:
(a) Decrease in pearlite growth rates by factors of up to a thousand. (b) Surface
nucleation of pearlite was dominant over the whole temperature range studied.
(c) The surface-nucleated pearlite had a higher growth rate than the nodular
pearlite nucleated in the interior. (d) There was a substantial increase in the
interlamellar spacing of the pearlite. Below 5800C the average spacing (defined
in terms of the ferrite-cementite boundary area) remained approximately
independent of temperature. (e) The nose of the growth rate vs temperature curve
was depressed by 20', from 5800 to 5600C. The maximum growth rate at 30 kb
was 200 to 400 times less than the maximum rate at one atmosphere. (f) Austen-
itization under pressure gave no change in austenitic grain size within the standard
deviation (0. 1 ASTM unit) of the measurement.

The results for the effect of pressure on pearlite growth rate and spacing
confirm those obtained at a single temperature in a preliminary survey made
earlier in this Laboratory.

This technical documentary report has been reviewed and is approved.

Chief, Physical Metallurgy Branch
Metals and Ceramics Division
Air Force Materials Laboratory
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INTRODUCTION

In an experimental survey(1 , 2) made in this Laboratory in 1959 on the
effect of pressure on the kinetics of various phase transformations, the author
found a very large decrease (about 700-fold) in the growth rate of pearlite in a
commercial 1080 steel at 6000C when transformed under a pressure of 32 kilobars.
It was also observed that the pressure dependence of the pearlite growth rate was
much smaller in a high-purity iron-carbon alloy; there being only about a five-fold
decrease under the same conditions. This difference in behavior was attributed to
the presence of manganese (about one per cent) in the commercial steel.

It was apparent that a full investigation of the effect of pressure on the
pearlite transformation would provide a better understanding of the nature of this
transformation at atmospheric pressure and, in particular, on the role played by
manganese in increasing the hardenability of steel. However, it was also evident
that before such an investigation would be meaningful, data would be required on
the effect of pressure on certain other properties of iron-carbon alloys, the most
important being the phase equilibria and the diffusion of carbon in austenite. A
study of these two effects was therefore made as a preliminary to the present
investigation. The results, which have been described in detail in earlier report,(3 )
may be summarized as follows. The application of pressure decreases the
solubility of carbon in austenite and also depresses the eutectoid temperature. As
a result, the eutectoid composition is displaced to a lower carbon content. A
comparison of the phase boundaries at atmospheric pressure and 30 kb is shown in
Fig. 1. With respect to the diffusion of carbon in austenite, the diffusivity was
found to decrease with increasing pressure. The observed activation volume
[given by - RT(M1nD/ P)T] is about 1 cm 3 . This decrease accounts( 2 ) quantitatively
for the variation with pressure of the pearlite growth rate in a high-purity iron-
carbon alloy if the assumption is made that the volume diffusion of carbon is the
rate-controlling step in pearlite growth. However, it does not account for the
larger pressure dependence of the growth rate in the commercial steel.

The purpose of the investigation described in this part of the report was
to establish the effect of pressure on the growth rate and spacing of pearlite in a
manganese steel over a range of temperature. A steel containing approximately
one per cent manganese was selected for study since an extensive investigation of
the pearlite transformation at atmospheric pressure has recently been made

Manuscript released by author July 1962 for publication as an ASD Technical
Documentary Report.
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Fig. I A comparison between the positions of the boundaries of the iron-carbon

system at atmospheric pressure and 30 kb.

for this composition by Picklesimer, McElroy, Kegley, Stansbury, and Frye. (4)

Atmospheric pressure measurements were also made in the present investigation

in order to determine if the transformation characteristics of the alloys were

similar to those used by the latter authors. It was also necessary to determine

the interlamellar pearlite spacing at atmospheric pressure since there were no

.muitable existing data.

EXPLERIMENTAL PROCEDURE

Prepara~ion of Alloys

Two alloys were used in this investigation: one having the nominal

composition 0. 75 per cent carbon and 1. 00 per cent manganese which was the

same as one of the alloys used by Picklesimer et al. (4) and corresponded to the

eutectoid composition at atmospheric pressure; the other alloy had the nominal

composition 0. 35 per :-.ent carbon and 1. 00 per cent manganese corresponding(3 )

to the eutectoid at 30 kb.
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The alloys, prepared from "Ferrovac" iron and high-purity graphite and
manganese, were induction-melted in magnesia crucibles under argon. The ingots
were hot-worked and swaged to 0. 375-inch-diameter rods. After a homogenization
anneal for 6 hours at 1250'C under vacuum, samples were removed from each end
of the rods for chemical analysis. The results of the analyses are given in Table I;
for comparison, the analysis of "steel A" used by Picklesimer et al. (4) is also
included. It can be seen that alloy X closely approaches "steel A" in composition.

TABLE I

Chemical Analyses of Iron Alloys

Present Picklesifq r

Element Investigation et al.

Alloy W Alloy X Steel A

Carbon 0.33 0.73 0.75

Manganese 1.00 .97 1.02

Silicon <0.005 .01 0.03

Phosphorus .003 .003 .003

Sulfur .01 .01 .013

For the atmospheric-pressure studies, the 0. 375-inch-diameter rods were
cut into disks 0. 125-inch thick with a hole 0. 03-inch diameter drilled through the
center so that they could be hung from wires for the isothermal heat treatments.
The disks were copper-plated to retard decarburization.

The specimens for the high-pressure anneals were in the form of pills
0. 125-inch diameter by 0.06-inch thick. These were prepared from rods which
had been swaged to 0. 19 inch and then centerless ground to 0. 125-inch diameter.
The pills were plated with silver to reduce decarburization. Silver is preferable
to copper for this purpose because of its very low solubility for carbon and its
mutual immiscibility with iron. However, it could not be used on the atmospheric-
pressure specimens because of its low melting point. This factor did not apply in
the case of the high-pressure specimens because, at the pressure of 30 kb, the
melting pbint of silvdr is raised above the temperature of 10509C usecffor hustenitization.

Atmospheric -Pressure Heat Treatments

Isothermal transformations at atmospheric pressure were made at four
temperatures in the range 5600 to 680 0C. The heat treatments were carried out in
salt pots containing "Houghton's Liquid Ht 1550. " All specimens were austenitized
for 10 minutes at 1050'C and then transferred as rapidly as possible to the second

3



pot at the transformation temperature. After holding for the required time, the
specimens were quenched in water. The specimen disks were sectioned across a
diameter for optical and electron microscopy.

High-Pressure Heat Treatments

The high-pressure runs were carried out in the "belt" apparatus. (5) As
shown in Fig. 2, this consisted of a cylindrical cell compressed between two
Carboloy punches loaded by a uniaxle press. Radial support to the cell was given
by the "belt" which was a Carboloy die heavily pre-stressed by a series of steel
binding rings. Laminated gaskets of lava and metal separated the punches from
the inner surface of the "belt.

CARBOLOY

Fig. 2 "Belt" apparatus used for high-
pressure heat treatments.

E SPECIMEN HLDER
PYROPtIYLLITE

GASKET

A cross-section of the high-pressure cell is shown in Fig. 3. Two
specimen pills were located inside a resistance heater of 0. 20-inch-diameter
Nichrome tubing. The ends of the tube were sealed with alumina and lava pills
tamped in place after the space around the specimens had been filled with sodium
chloride. The plasticity of the latter reduced the degree of nonhydrostatic loading
on the specimens. However, any solid pressu re-transmitting medium introduces
some nonhydrostatic deformation. It has been shown( 3, 6) that completely
hydrostatic conditions can be attained by encapsulating the specimens with a fluid.
However, this precaution was considered unnecessary in the present investigation

Electrical contact between the Nichrome tube and punches was made
through a ring and nickel disk (not shown in figure) at each end of the cell. The

4
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specimens could thus be heated by applying a low voltage across the two punches
(which were electrically insulated from the platens of the press). The nickel disks
not only provided electrical contact, but also furnished extra resistance heating to
compensate for end losses.

The specimen temperature was measured by a chromel-alumel thermo-
couple the hot junction )f which was sandwiched between the two specimens at the
center of the cell (Fig. 3). The thermocouple leads were insulated and brought
out between the gasket and the "belt. " All thermocouples were prepared from the
same batch of wire. Samples taken from each end of this batch were calibrated
at the General Engineering Laboratory of the General Electric Company. Although
there was a significant deviation of the emf-temperature relationship from that
given in the National Bureau of Standards tables, there was no detectable difference
between samples from the two ends of the batch. The thermal emf was measured
with a potentiometer which had been calibrated against a standard instrument.

It is known that the emf of a thermocouple varies to some extent with
pressure. Data(7) available at present indicate that the pressure dependence is
much smaller for chromel-alumel than it is for platinum/platinum-rhodium
thermocouples. However, the absolute magnitude of the effect is still uncertain
for the pressure-temperature range covered by the present investigation. The
conversion from thermal emf to temperature was therefore made on the basis of
the atmospheric-pressure calibration with no correction for the pressure dependence.
Consequently, the temperatures cited in this report are subject to revision when
further thermal emf data become available. It is anticipated, however, that the
necessary correction will not exceed a few degrees.

During the high-pressure runs the temperature was controlled by applying
the out-of-balance thermal emf to a null-detecting instrument, which actuated a
motor-driven Variac on the input to the power supply of the heater. This system
in conjunction with stabilization of the power supply permitted the thermocouple
reading to be held constant within + 1C for an indefinite period.
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The oil pressure on the ram of the press was measured with a 0 to 3000
psi Heise gage. The relationship between the oil pressure and the pressure inside
the cell was determined(8) by observations of the bismuth I-4 II transition at 25. 3
kb and the transition in bari.am at 59 kb. The transitions were detected by
electrical resistance measurements using the cell shown in Fig. 4. In the vicinity
of the transitions, the oil pressure was increased in increments corresponding to
0. 2 kb. For bismuth, the onset of the transition was well defined and reproducible
to within this pressure interval. The barium transition was appreciably less sharp,
and there was a correspondingly greater uncertainty in defining its pressure. The
calibration runs were repeated whenever dimensional changes in the dies indicated
it to be necessary. Pressures between 25.3 and 59 kb were estimated by linear
interpolation.

LAVA The pressure-temperature cycle

used in heat treatment of alloy W is shown
in Fig. 5. All runs were made at 30 kb
and the specimens were austenitized under

SPECIMEN pressure for 10 minutes at 1050'C. The
temperature was then decreased as rapidly
as possible to the transformation temper-
ature. After holding for times ranging
from 1 to 50 minutes, the specimens were

-SILVER CHLORIDE rapidly cooled to room temperature under
pressure by switching off the power to the
heater. Because of the large thermal
mass surrounding the cell, the cooling rate
exceeded 2000C per second, which was

Fig. 4 High-pressure cell used sufficient to act as a "quench."

for calibration of the "belt" After removal from the cell, the
apparatus. specimens were mounted in bakelite and

sectioned for metallographic examination

HELD 10 MIN AT 1050 C, on a diametrical plane parallel to the short
30 kb FOR AUSTENITIZATION. axis.

1050

COOLED RAPIDLY TO TRANS-
FORMATION TEMPERATURE.

ST
Fig. 5 Pressure-temperature cycle used

QUENCHED TO ROOM for heat treatments. For clarity, the
TEMPERATURE two halves of the cycle are shown

20 displaced from one another, but in
_practice they were coincident.

30
PRESSURE, KILOBARS
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EXPERIMENTAL RESULTS

Specimens were transformed isothermally at a series of temperatures at
both atmospheric pressure and 30 kb. Measurements were made of: pearlite
growth rate and interlamellar spacing, austenitic grain size, and volume fraction
transformed. The last measurement was made only on the specimens transformed
at atmospheric pressure.

Pearlite Growth Rate

In some of the atmospheric -pressure specimens there was a slight tendency
for preferential nucleation of pearlite at a free surface. The opposite effect (a
lower density of nodules in the vicinity of the surface) was also seen occasionally.
Neither of these two effects varied in a systematic manner with the transformation
temperature, contrary to the usual observation that high temperatures favor surface
nucleation. One curious phenomenon observed in the present study was the pref-
erential, nucleation of pearlite at cracks formed during the quench from the
austenitizing temperature. An example is shown in Fig. 6 in which it will be
noted that there was a copious growth of pearlite around the crack but none at the
surface. There are two reasons for believing that the crack was the cause and not
the result of the pearlite growth; one was the fact that cracks free of pearlite were
seen in the specimen, and the other was the absence of continuity in the structure
of the pearlite across the crack. A possible explanation of the phenomenon is that
a freshly formed surface offers a more potent nucleation site than does a surface
contaminated by oxides and heat-treating salt.

The procedure used for estimating the pearlite growth rate in the specimens
transformed at atmospheric pressure was the usual one of measuring the maximum
nodule radius in a series of specimens transformed for different times at the same
temperature. A slope of the plot of maximum nodule radius vs time is then taken
as the growth rate at that temperature. This procedure is based on the assumption
that the nodules are spherical or hemispherical, and that the maximum radius seen
on the plane of polish is equal to the radius of the largest nodule present in the
specimen. The measurement is therefore simple enough in principle but not,
unfortunately, in practice. In the first place, many of the samples in the present
investigation displayed nodules that were not even approximately spherical or
hemispherical. An example from one of the pressure runs is shown in Fig. 7. In
such cases there was an ambiguity as to what measurement would correspond to
a "maximum radius. " A second difficulty arises from impingement of nodules.
This factor set an upper limit to the transformation time at which meaningful
measurements could be made. And, although the probability of impingement
decreases rapidly with decreasing volume fraction of pearlite, the probability is
never zero. Consequently, even at the smallest volume fractions, the largest
"nodule" will always in fact be a cluster of two or more individual nodules if the
search is continued long enough. The occurrence of irregular-shaped nodules and
the necessity of excluding those which might have impinged introduced a strong
subjective element into the measurements. Apart from these difficulties, it must
also be noted that measurements of- nodule radii yield an estimate of only the
maximum growth rate.

7



Fig. 6 Run 33. Example
of preferential nucle-
ation of pearlite at
crack in specimen
transformed 15. 5 sec

-4- at 63900 at atmospheric
pressure. Nital etch.

200X

Fig. 7 Run 136. Alloy W ..4.
transformed for 5 min at
480°C and 30 kb. Nital
etch. 200X

The nodule radii were measured directly under the microscope using an
eyepiece with a calibrated reticule. Measurements were confined to nodules
away from the surface of the specimens since, as will be shown, there was
evidence that surface-nucleated pearlite does not necessarily have the same
growth rate as that formed in the interior.

The results for alloy X transformed at 5620, 5990, 6390, and 6800C at
atmospheric pressure are listed in Table II. Plots of maximum nodule radius vs
time for these four temperatures are shown in Figs. 8 and 9. All the plots have
positive intersections on the time axis indicating an apparent delay in the onset
of nucleaation. The growth rates given in Table III were calculated from the

8



TABLE II

Pearlite Growth vs Temperature at Atmospheric
Pressure in a 0. 73%C, 0. 97% Mn Fe Alloy

Maximum
Nodule Pearlite Volume

Temp. Time Radius F rac tion
Run (?C) (sec) (i0 "' cm) (1)

10 562 3 0 0
11 5.5 1.8 0.0033+0.001
12 7 3.5 .59 + .10
13 8 6.2 13.7 +1.0
14 10 10.7 66.1 +3.5
15 16.5 - . 100
16 32.5 100
17 64.5 100

20 599 1 0 0
21 2 0 0
22 4.5 0 0
23 6 1.3 0
24 7.5 2.9 0.058 +0.01
25 10.5 5.4 4.8 + .5
26 18 - 99.5 + .2
27 32 i100

30 639 3 0 0
31 6 0 0
32 11 0 0
33 15.5 2.1 0.018 +0.006
34 22.5 7.0 1.5 +' .3
35 29 13.5 17.8 +2.0
36 36 - 62.8 +3.6
37 49.5 - 93.3 +1.2
38 96 100

(min)
40 680 7 - -
41 12 5.6
42 20 12.1
43 40 -
44 80
45 160

o~



12~

5'G2"C, I otm
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6 0at atmospheric pressure
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slope of the plots in Figs. 8 and 9 and are plotted vs temperature in Fig. IC. The
data obtained by Picklesimer et al. (4) on "steel A" are included for comparison
in both the table and the figure. It will be noted that the growth rates observed
in the present investigation displayed a similar temperature variation but were
consistently lower than those reported on a similar alloy by Picklesimer et al.
This difference may be indicative of a slight variation in the behavior of the two
alloys, but it could also have arisen from experimental errors together with the
uncertainty introduced by the subjective nature of the measurements. Of the two
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TABLE III

Pearlite Growth Rate vs Temperature
at Atmospheric Pressure

Growth Rate (10- cm sec')

Temperature e
(°C) This Investigation* Picklesimer et

562 2.1 2.6

599 1.8 2.6

639 0.91 1.3

680 .031 0.14

*0. 73% carbon, 0. 97% manganese alloy X.

to. 75% carbon, 1. 02% manganese alloy (Steel A, Table I),

i I I i I I 1i I 11

700- Fig. 10 Pearlite growth
-PICKLESIMER el. . rate vs temperature

for alloy X transformed
660- at atmospheric pressure.

Data derived from slopes
62 'of plots in Figs. 9 and

THIS INVESTIGATION-- 
k  10. Curve obtained by

Picklesimer et al. (4)

580 for "Steel A" of similar
/ composition (see Table I)

/ is included for comparison.
540

500 I I I -32 x1 IO
5  

0
-  

10
-3

5x1
-

GROWTH RATE, cm sec
-1

sets of data, that of Picklesimer et al. is undoubtedly the more reliable because
of the greater number of runs made and the superior method of transferring the
specimens during heat treatment.

The high-pressure transformation studies were made on the 0. 33 per cent
carbon alloy W which, according to the phase-diagram investigation, (3) is the
approximate eutectoid composition at 30 kb. Runs were made at this pressure at
seven temperatures covering the range 4400 to 620'C. (In addition, there was a
400'C run for spacing measurements only.)

11



A notable feature of the transformation at 30 kb was the occurrence of
preferential surface nucleation of pearlite throughout the whole temperature range.
All the specimens displayed (see Fig. 11, for example) a slab of pearlite around
the free surfaces. This effect was not only of considerable interest in itself, but
it also permitted more reliable estimates of the pearlite growth rates than were
possible in the specimens transformed at atmospheric pressure. The reason for
this is that, since the pearlite growth was essentially normal to the surface, the
penetration observed on the plane of polish (which was also normal to the surface)
gave a direct estimate of the true growth distance. Three types of measurements
were therefore possible on the pressure-treated specimens: (a) Maximum growth
distance from surface; this was taken as the greatest distance of penetration on
either of the two specimens in each run. Maxima arising from the impingement
of an interior nodule with the surface slab were excluded where detectable. (b)
Average growth from surface; this was determined by taking the average of 40 to
60 measurements of penetration distance at approximately constant, but randomly
selected intervals across the plane faces of the two specimens for each run. The
average growth distance so obtained corresponded to the thickness of a uniform
slab that would have had the same volume as the actual slab. (c) Maximum nodule
radius; this was the same measurement as that made on the specimens transformed
at atmospheric pressure. Data were obtainable only from runs at 5600C and below
because at higher temperatures no interior nodules were nucleated even after
transformation times which allowed consider.-h= ,- owth from the surface.

The results of these three measurements on specimena transformed at
4400, 4800, 5200, 5600, 5800, 600 ° , and 620'C are listed in Table IV and are
plotted vs time in Figs. 12 to 18. It will be seen that within the limits of
experimental error the growth as represented by all three measurements was
linear with time, and that the surface growth extrapolated either to zero or a
small positive quantity at time zero. The nonzero extrapolations in the 4400 and
4800C plots (Figs. 12 and 13) were due to the formation of some pearlite during
the cooling from the austenitization to the transformation temperature. This

Fig. 11 Run
154. Alloy W
transformed

70t* for 5 min at
5600C and

Y ..' 30kb. Nital

etch. 35X
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TABLE IV

Pearlite Growth vs Temperature at 30 kb
in a 0.33% C, 1.00 Mn Fe Alloy W

Temperature Time Pearlite Growth (10- 3 cm)

Run (0C) (min) _ _
Maximum Average Maximum

Surface Surface Nodule Radius

110 400 60 - -

120 440 0 1.7 0.2 0

121 1 4.1 1.8 0.6
122 3 6.3 2.6 2.2

123 3 6.4 2.9 1.6
124 6 10.7 4.0 2.9
125 V 60 - - -

130 480 0 1.1 0 0

131 1 4.8 2.5 0.9

132 2 6.4 4.2 2.4

133 3 11.8 5.9 3.8
134 4 13.4 7.9 3.8

135 I 5 13.4 6.6 7.0

136 \ 5 14.5 7.3 5.4

137 478 20 - -

140 520 1 5.9 3.6 0

141 2 8.0 4.9 1.9
142 2 8.6 5.7 2.1

143 3 11.8 9.5 5.9

144 3 13.4 9.3 4.3

145 4 18.2 10.0 5.4

146 5 20.4 15.3 7.0

147 15 -

150 560 1 7.5 4.5 0

151 2 11.3 7.3 0

152 3 19.3 10.0 3.2

153 4 25.2 17.2 7.5

154 5 30.6 24.8 8.6

155 15 -- -

160 580 2 9.6 6.0 0

161 4 14.5 6.8 0

162 V a 22.0 14.2 0

170 600 5 5.4 2.8 0

171 10 8.6 4.6 0

172 VI 15 14.5 6.0 0

173 20 16.1 9 0 0

180 620 20 2.7 1.6 0

181 40 6.4 2.7 0

182 V 60 9.0 4.6 0

13



440 C, 30 kb

10- 0 MAXIMUM SURFACE
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- Fig. 12 Pearlite
growth vs time for

iu6- alloy W transformed

at 44000 and 30 kb.
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at 4800C and 30 kb. 4
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6-' Fig. 18 Pearlite
growth vs time forc. - alloy W transformed
at 6200C and 30 kb.
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explanation was verified by runs 120 and 130 in which specimens were quenched
immediately the transformation temperature had been reached. In both runs, as
indicated in Table IV, a thin layer of pearlite was found around the surface.

From the slopes of the growth vs time plots the values listed in Table V
were derived for the growth rates corresponding to the three types of measurements.
These data are plotted as a function of temperature in Fig. 19 It will be seen that
at mid-temperatures the maximum surface growth rate was about 1. 5 times the
average; this increased gradually to a factor of 1. 9 at 6200C. The lowest temperature
tested (4400C) exhibited a much greater difference between the two growth rates,
the maximum being about three times the average. This large increase corre-
sponded to a change in the morphology of the pearlite at the low transformation
temperatures. As willbe seen from a comparison of Figs. 11 and 20, the high-
temperature pearlite exhibited a fairly uniform front whereas that formed at 4400C
is acicular. (Some observers would term the constituent shown in Fig. 20 bainite
rather than pearlite; however, as will be shown later, there was no discontinuous
change in the fine structure of the transformation product in going from high to low
temperatures. )

It will also be seen from Fig. 19 that, over the temperature range where
measurements were possible, the growth rate given by the maximum nodule radius
is consistently less than the average growth rate of the surface-nucleated pearlite.
As previously noted, measurements of nodule radii yield the value of the maximum
growth rate in the interior. It must therefore be concluded that pearlite nucleated
at the surface grew two or three times more rapidly than that nucleated within the
specimen. This is contrary to the observations of Picklesimer et al. (4) at

17



TABLE V

Pearlite Growth Rate vs Temperature at 30 kb
in a 0.33% C, 1. 00 % Mn Fe Alloy W

!Temperature Pearlite Growth Rate (10-5 cm sec - )
(0C) .. ...

Maximum Surface Average Surface Nodule

440 2.6 j 0.9 0.8
480 4.5 2.8 2.3

520 7.0 4.9 I 3.1

560 10.6 7.3 5.7

580 6.2 3.8 -

600 1.45 0.75 -

620 0.24 .13

6401 I -r'. . .-- T ' '

600

AVERAGE SU RFACF '

560- N Fig. 19 Pearlite growth
., rate vs temper-

S520 ,// oature for alloy W
0 transformed at

..NODULE 30 kb. Data
480 derived from slopes

of plots in Figs. 12
/,

to 18.
440

10-1 10-5 10-4 3 10-4

GROWTH RATE, cm sec-1

atmospheric pressure. These authors found preferential surface nucleation in
their specimens transformed at 6600C and above, but measurements of the
maximum growth from the surface gave the same growth rate as that for free
nodules. A possible explanation for this difference between the two investigations
may be an increase with pressure in the segregation ahead of the advancing
pearlite-austenite interface. An indication that this effect was operative is to be
found in the growth plots (Figs. 12 to 18). It will be observed that for every

18



temperature the point on the surface growth plots for the shortest transformation
time fell above the average. For any one plot the discrepancy could be accounted
for by experimental error, but its occurrence in all the plots strongly suggests
that the growth rate from the surface underwent an initial decrease as segregation
was established ahead of the pearlite interface. Additional evidence for this view
was afforded by the observation in several specimens of a retardation in growth at
the corners; an example of this is shown in Fig. 21.

.. ..... Fig. 20 Run 124. Alloy W transformed
.. for 6 min at 440°C and 30 kb. Nital

: etch. 200X

Fig. 21 Run 154. Alloy W transformed for 5 min at 560°C and 30 kb. Note
retarded pearlite growth at corner of specimen, Nital etch. 200X
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Volum Fraction Transformed

The volume fraction of pearlite was determined for the atmospheric-
pressure specimens transformed at 5620, 5990, and 639°C. No estimates were
made for the runs at 680'C because some of the specimens transformed at this
temperature contained pearlite formed during the quench. This additional pearlite
appeared as a band (Fig. 22) around existing nodules. Because of its finer spacing
it was easily detected and allowed for at the high magnifications used in measuring
the nodule radii, but at the lower magnifications employed in the volume-fraction
analysis the distinction could not readily be made. No measurements were made
for the specimens transformed under pressure because of the predominance of the
surface-nucleated pearlite.

Samples containing more than one per cent of pearlite were analyzed by a
systematic point count(9 , IC)) using specially ruled reticules in the eyepiece of the
microscope. For samples with low volume fractions, a modified point-counting
procedure was employed which maximized the information obtained from a given
area of the plane of polish. An experimental estimate of the standard deviation
was made for all analyses.

The results together with their standard deviations are listed in the
fifth column of Table II.

It can be shown(ll) that the over-all rate of the pearlite transformation
can be represented by an equation of the form

btnVV. =l-e , (1)

Fig. 22 Run

41. Alloy X
transformed
for 12 min at

6800C at
atmospheric
pressure.
Note band of

-. "finely spaced
pearlite formed
during quench.
Nital etch.

1200X
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where VV is the volume fraction of pearlite transformed at time t, and b and n
are temperature-dependent parameters. An indication of the type of nucleation
is given by the parameter n. For n = 3 or less, nucleation is sufficiently rapid
in comparison with the growth to saturate all the active nucleation sites. For n
greater than 4 the nucleation rate is too slow for site saturation and the rate is
also increasing with time. Equation (1) can be rewritten as

log In (1 -VV)-I = n log t + log b . (2)

Consequently, n can be estimated from the slope of a plot of log ln (1 -VV)-1 vs
log t. Such plots for the data listed in Table II are given in Fig. 23. The error
bars correspond to the standard deviations of the volume-fraction analyses. The
very large values of the initial slope at the three temperatures indicate that
nucleation-site saturation had not occurred and that the nucleation rate was time
dependent.

Pearlite Interlamellar Spacing

With one exception, the spacing measurements were made on electron
micrographs of fully transformed specimens. Samples were electropolished with
a "Disa-Electropol" using electrolyte "AC-1. " After etching with one per cent
nital, carbon replicas were taken which were shadow-cast with platinum at an
angle of 300 to the surface. Measurements on the 6200C specimen transformed
at 30 kb were made directly under the optical microscope because of the very
coarse pearlite spacing in this specimen.

' I ' I I [ I

562 C 599"C

Fig. 23 Plot of log ln (i -Vv)-
1

vs log t (where VV is the volume 9

fraction of pearlite at time t)
for alloy X transformed at 562', -

5990, and 639°C at atmospheric -2
pressure. -

SLOPE 1~3

g-3

SLOPE 12

-4 /\SLOPE * 24

- s , ,I. , I , i
0.6 0.8 1.0 . 1 4 1.6 1.8

2o1 I
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Micrographs of the four specimens transformed at atmospheric pressure
are given in Figs. 24 to 27 and those for the seven specimens transformed at 30 kb
are given in Figs. 28 to 34. It will be noted that the pearlite in the atmospheric-
pressure specimens retained its characteristic form down to the lowest temperature
tested. This was in contrast to the behavior at 30 kb. As shown by the sequence
of micrographs in Figs. 28 to 34, the pearlite rapidly becomes degenerate with
decreasing temperature. However, a comparison of the highly perfect plate structure
found at 600'C and above to the structure at 4000C where only a vestige of the plates
remained indicates there was no abrupt transition with temperature in the form of
the transformation product.

For the analysis of the spacing, ten exposures were made at randomly
selected fields on each replica. A set of 8 x 10-inch prints was then prepared at
a magnification of 10, 000X, the latter being accurately determined by calibration
with a replica of a diffraction grating of known spacing. The three-dimensional
property directly estimated was the area of the ferrite-cementite interface per
unit volume as given by an intercept analysis. It has been shown(1 2 ) that such an
analysis is optimized by using a test line in the form of a circle. This automatically
yields for each application of the test circle an intercept density which is uniformly
averaged over all orientations in the plane of polish. Under these conditions the
standard deviation of the analysis is minimized for a given amount of effort.

A test circle of 25 cm circumference printed on transparent plastic was
applied at four nonoverlapping positions on each micrograph giving a total of 40
applications per specimen. From a count of the number of intersections of the
test circle with ferrite-cementite boundaries in the pearlite the total boundary
area SV per unit volume was obtained from the relation(1 2 ,13)

SV = 2 NL , (3)

where 1NL is the number of boundary intersections per unit length of test line. We
can define an average spacing s as being the constant spacing that would give the
same boundary area per unit volume as that actually present in a given specimen.
Since a plate has two faces, it is evident that

= 2/S V , (4)

and hence, by Eq. (3),

s = I/NL. (5)

The average spacing defined by Eq. (4) is a physically meaningful one because one
of the factors that determines the interlamellar spacing of the pearlite is the energy
absorbed in the formation of ferrite -cementite boundaries, and this energy is, of
course, directly proportional to the total boundary area.

(Copy continued on page 29)
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Fig. 24 Electron micrograph of alloy X transformed at 562 0C at atmospheric
pressure. Nital etch. 10, 00OX

Fig. 25 Electron micrograph of alloy X transformed at 599 0 C at atmospheric
pressure. Nital etch. 10, 00OX

23



1/

r/1. 4h

X I

A , V4,

Fig. 27 Electron micrograph of alloy X transformed at 380 C at atmospheric
pressure. Nital etch. 10, COOX
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Fig. 28 Electron micrograph of alloy W transformed at 440C at 30 kb. NitaJ.
etch. 10, 00X
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Fig. 30 Electron micrograph of alloy W transformed at 4780C at 30 kb Nital
etch. 10, OGOX

'Orr

Ct Y

Fig. 31 Electron micrograph of alloy W transfr' med at 520aC at 30 kb. Nital
etch. 10, OQOX
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Fig. 32 Electron micrograph of alloy W transformed at 560'C at 30 kb. Nital
etch. 10, OOOX

6 C" O'1) ~"AM

't Vw

Fig. 33 Electron micrograph of alloy W transformed at 60000 at 30 kb. Nital
etch. 10, QOOX
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ARMW" jWWW9 Fig. 34 Optical
t ,_ . - micrograph of

N J alloy W trans-
N formed at 6200C

at 30 kb. Nital
etch. 1200X

TABLE VI

Average Interlarnellar Spacing*

Temperature Pressure Average Spacing
Alloy (0c) (kb) (10'A)

X 563 0 1.19+0.04

599 0 1.37+ .05

640 0 1.173+ .06

680 0 3.6 + .2

W 400 30 3.9 +0.1

440 4.0 + .1

478 4.8 + .1

520 4.0 + .2

560 3.4 + .2

600 3.6+ .1

620 7.9 + .4

*"Average spacing" is the constant spacing that would have the same
area of ferrite -cementite boundary per unit volume as was actually
present in the specimen.
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Values for the average interlamellar spacing for specimens transformed
both at atmospheric pressure and 30 kb are listed as a function of temperature in
Table VI. The observed standard deviations of the measurements are also
included. (Because the average spacing " is calculated by taking the reciprocal of
the measured quantity NL, the reported values are subject to a small statistical
bias. However, this is negligible in comparison with the standard deviations of
the measurements.) There are theoretical reasons(II) for believing that the
interlamellar spacing should be proportional to the reciprocal of the undercooling
below the equilibrium eutectoid temperature. In alloy steels the eutectoid trans-
formation takes place over a range of temperature and there is thus an ambiguity
as to what value should be assigned to the "equilibrium" temperature when testing
for the reciprocal relationship. This difficulty can be overcome(11) by adopting
the simple expedient of plotting the reciprocal spacing against temperature. Such
plots for the data given in Table VI are shown in Fig. 35. For the specimens
transformed at atmospheric pressure the average spacing decreased monotonically
with decreasing temperature, as was to be expected. The disposition of the experi-
mental points and the requirement that zero in reciprocal spacing should fall in the
approximate vicinity of the eutectoid temperature (the lower limit of which is 7090C
for alloy X according to Picklesimer et al. (4) suggest that, as shown, there should
be a change in the slope of the curve at about 6400C. Such a discontinuity was not
unexpected, since Picklesimer aL14. (4) found that 6400C was the temperature at
which partitioning of manganese between ferrite and cementite started to occur.
Below this temperature partitioning of the manganese to the cementite did not take
place. However, before the discontinuity in slope of the reciprocal spacing vs
temperature curve can be considered as having been unequivocally established, it
will be necessary to supplement the data shown in Fig. 35 by additional measure-
ments.

to I ~ I 7-- IFF - -

7 8 ATMOSPHERIC PRESSURE

97-

J5 Fig. 35 Reciprocal of
the average interlamellar

4 - spacing of pearlite vs
30 KILOBARS temperature for alloy X

transformed at atmospheric
_ 

2
- pressure and alloy W

Sltransformed at 30 kb.

0
750 700 650 600 550 500. 450 400 350

TRANSFORMATION TEMPERATURE. °C
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For the specimens transformed at 30 kb the initial increase in reciprocal
spacing with decreasing temperature paralleled the high-temperature branch of the
atmospheric-pressure curve. However, this similarity in behavior did not persist
to lower temperatures. The 30 kb data displayed a maximum at about 580°C, and
thereafter the spacing remained approximately constant. (Perhaps, in view of the
extreme degeneracy of the pearlite at 30 kb when formed at low temperatures, it
would be more appropriate to claim constancy of cementite boundary area rather
than spacing.) It would be interesting to know whether the maximum in the 30 kb
reciprocal spacing curve at 5800C corresponded to the onset of manganese
partitioning to the cementite. However, no information on this point was obtained
during the present investigation.

Austenitic Grain Size

Advantage was taken of the samples prepared for the growth-rate studies
to determine the effect of austenitizing under pressure on the austenitic grain size.
Analyses were made on randomly selected specimens from the following groups:
(a) alloy X austenitized for 10 minutes at 10500C at atmospheric pressure; (b)
alloy W given the same thermal treatment at 30 kb; (c) alloy W austenitized at
atmospheric pressure. The last group was included in order to check the effect
of carbon content on grain size.

The average austenite grain-boundary area ler unit volume was determined
for each of the three groups by an intercept analysis performed directly under the
microscope. The average boundary area was then converted to an ASTM grain size.
This conversion( 14 ) was performed, in effect, by calculating what grain size would
be given by a conventional ASTM measurement if it were performed on an imaginary
specimen composed of constant-size tetrakaidecahedral grains having the same total
boundary area as the specimen under test. Estimates of the standard deviations of
the intercept counts were made and converted into the corresponding standard
deviations in grain size. The results are listed in Table VII. It will be seen that
neither pressure nor carbon content affected the austenitic grain size within the
accuracy of the measurements.

TABLE VII

Average Austenitic Grain Size vs Pressure for
Alloys Austenitized for 10 Minutes at 10500C

Composition ASTM Grain Size
Alloy

C Mn Atmospheric
(%) (%) Pressure 30 kb

W 0.33 1.00 3.8 +0.1 3.6 +0.1

X .73 0.97 3.6+ .1
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CONCLUSIONS AND SUMMARY

The results of the present investigation have borne out the earlier
observations(l, 2) that the application of pressure greatly reduces the growth rate
and increases the interlamellar spacing of pearlite in an iron-carbon-manganese
alloy. A feature of the transformation not previously detected was the very strong
preference for surface nucleation exhibited by the specimens transformed under
pressure. Surface nucleation predominated over the whole temperature range
studied (4400 to 6200C) and, at the higher temperatures, no nodules had nucleated
in the interior even after transformation times had allowed considerable growth
to occur from the surface. It has not yet been established whether this enhancement
of surface nucleation was an intrinsic effect of pressure or whether, instead, it was
due to other conditions in the high-pressure cell.

The effect of pressure on the pearlite growth rate is conveniently
summarized by Fig. 36, which provides a comparison between the growth rate vs
temperature curve at one atmosphere (from Fig. 10) with the curve for specimens
transformed at 30 kb. The latter curve is the one for maximum growth rate of
surface-nucleated pearlite (as shown in Fig. 19); the average surface growth rate
and the maximum nodule growth rate were both smaller by about a factor of two at
mid-temperatures and a factor of four at 4400C. A difference in growth rates
between the surface and nodular pearlite had not been observed at atmospheric
pressure. (4) The high-temperature portions of the atmospheric-pressure and
30 kb growth curves shown in Fig. 36 are displaced from one nother by about 900C,
which is roughly the magnitude of the 720C depression found ()in the eutectoid
temperature of iron-carbon alloys at 30 kb (Fig. 1). However, the 30 kb curve
turns over more rapidly with decreasing temperature with the result that the nose
(where the growth rate is a maximum) occurs at 560°C--only 200C below the nose
of the atmospheric-pressure growth-rate curve. Thereafter the growth rate at
30 kb falls off less rapidly with decreasing temperature than does the rate at one
atmosphere.

720 , , , I , , , I I 11111 i II

680- Fig. 36 Pearlite
growth rate vs

640o temperature at
atmospheric

pressure and 30 kb.
The 30 kb curve is

S3kthe one for maximum

MW 50 k-- rate of surface-
-- nucleated growth

480 (cf. Fig. 19).

440 .

4 0 0 I 1 I I I 1 1 1 1l l I I 1 I I1 1 1 ! I I I

1O- 6  10 0-  10
- 3  5x 0

- 3

GROWTH RATE, cm sec-1
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There were fairly clear indications that at least in the specimens
transformed under pressure, the pearlite growth rate was time-dependent; there
being a decrease in rate as the transformation proceeded. To the extent that this
was true, the growth rates measured in this investigation must be regarded as
average values.

For any given transformation temperature there was an appreciable
increase with pressure in the interlamellar spacing of the pearlite. However, in
terms of undercooling below the equilibrium eutectoid temperature the spacing
(like the growth rate) was approximately independent of pressure up to undercoolings
of about 50 0C. At larger undercoolings this correspondence was lost; the spacing
of the atmospheric-pressure pearlite continued to decrease whereas the average
spacing (as defined by the ferrite-cementite boundary area) in the 30 kb specimens
remained approximately constant or, if anything, actually increased with decreasing
temperature. Although the variation with temperature of the atmospheric -pressure
spacing was less surprising, the plot of reciprocal spacing (Fig. 35) did display
an apparent change in slope at about 640°C. If additional measurements confirm
this observation, it will constitute the first experimental evidence for the effect
of manganese partitioning on spacing.

Electron microscopy revealed no discontinuous change with temperature
in the structure of the pearlite at 30 kb, but extreme degeneracy was observed
at the lower transformation temperatures. Finally, austenitization under pressure
resulted in no significant change in austenitic grain size within the standard
deviation (0. 1 ASTIVI unit) of the measurement.
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